Since the chemiosmotic theory was proposed by Peter Mitchell in the 1960s, a major objective has been to elucidate the mechanism of coupling of the transmembrane proton motive force, created by respiration or photosynthesis, to the synthesis of ATP from ADP and inorganic phosphate. Recently, significant progress has been made towards establishing the complete structure of ATP synthase and revealing its mechanism. The X-ray structure of the F 1 catalytic domain has been completed and an electron density map of the F 1 -c 10 subcomplex has provided a glimpse of the motor in the membrane domain. Direct microscopic observation of rotation has been extended to F 1 -ATPase and F 1 F o -ATPase complexes.
Introduction
ATP synthase contains a rotary motor involved in biological energy conversion. Respiratory complexes in mitochondria and eubacteria, and photosynthetic complexes in chloroplasts and photosynthetic eubacteria use energy derived from the oxidation of nutrients and from light, respectively, to generate a transmembrane proton motive force (pmf) [1] [2] [3] . ATP synthase uses the pmf to make ATP from ADP and inorganic phosphate (Pi). As summarised in Figure 1a ,b, the enzyme has two major structural domains, known as F 1 (factor 1) and F o (factor oligomycin). The globular F 1 catalytic domain in the mitochondrial enzyme is an assembly of five subunits with the stoichiometry α 3 β 3 γ 1 δ 1 ε 1 . Subunits γ, δ and ε form a central stalk linking the (αβ) 3 subcomplex of F 1 to the membrane domain, F o . The (αβ) 3 subcomplex and F o are also linked by a peripheral stalk, sometimes called the stator [2] .
In the F 1 domain, the three α subunits and the three β subunits are arranged alternately around a central α-helical coiled coil in the γ subunit [4] . This arrangement suggested that the enzyme works by a mechanism involving the cyclic modulation of nucleotide affinity in catalytic β subunits, as required by the binding-change mechanism [1] , by rotation of the asymmetrical γ subunit. During ATP synthesis, the rotation would be generated in F o and fuelled by the pmf. During ATP hydrolysis in F 1 F o (or in F 1 alone), the energy released by hydrolysis would drive rotation in the opposite direction and reverse the direction of proton translocation. Subsequently, the rotation of the γ subunit in an (αβ) 3 γ complex was observed directly by microscopy and was shown to depend on ATP hydrolysis [5] .
Recent structural results have provided additional insight into the nature of the central stalk [63 •• ] . This feature links the F 1 and F o domains, and forms part of the rotor in the ATP synthase molecular motor. The way in which the central stalk is linked to a ring of c subunits in the F o domain has been suggested from a low-resolution electron density map of a subcomplex of the yeast enzyme. As yet, no structural information is available on other key subunits in the F o domain, but a number of models have been proposed for torque generation. A much clearer picture of the molecular mechanism of the motor in ATP synthase is slowly emerging.
The central stalk
Until recently, the protruding part of the central stalk was disordered in crystals of bovine F 1 -ATPase [4] , although the (αβ) 3 domain and the penetrating α-helical coiled-coil part of the central stalk were resolved in the same crystals. By modification of the cryoprotection conditions, the crystal lattice of bovine F 1 -ATPase (covalently inhibited with dicyclohexylcarbodiimide) has been shrunk, thereby ordering the protruding central stalk region and allowing the entire structure to be resolved to 2.4 Å (Figure 1c ) (C Gibbons, MG Montgomery, AGW Leslie, JE Walker, unpublished data; see [63 •• ] ). This analysis has revealed a new α/β domain in the γ subunit, containing a Rossmann fold, that does not bind nucleotides. It appears to be a buttress, stabilising the lower section of the coiled-coil shaft. There is little agreement between the structure of the bovine γ subunit in the Rossmann fold region of the central stalk and a model of the same region of the Escherichia coli γ subunit, deduced from a 4.4 Å resolution electron density map of bacterial F 1 -ATPase [6] .
The bovine structure confirms the structural homology between the mitochondrial δ and bacterial (and chloroplast) ε subunits. Similar to the bacterial ε subunit [7] , the bovine δ subunit has two domains, an N-terminal β sandwich with 10 strands (residues 15-98) and a C-terminal α-helical hairpin (residues 105-145). The 50 amino acid bovine ε subunit has no counterpart in bacteria or chloroplasts. It has a helix-loop-helix structure and appears to
The rotary mechanism of ATP synthase Daniela Stock*, Clyde Gibbons*, Ignacio Arechaga*, Andrew GW Leslie † and John E Walker* ‡ stabilise the foot of the central stalk, where the γ, δ and ε subunits all interact extensively. It is probable that all three subunits contact the F o domain.
In E. coli F 1 -ATPase, interactions between and within subunits have been examined by the introduction of cysteine residues at specific sites and formation of disulfide crosslinks by oxidation. Cross-links observed within the bacterial ε subunit [8 • ] and ε-γ cross-links [9, 10] are consistent with the bovine model, but the β-ε and α-ε cross-links [11] [12] [13] are not, as they are between 40 and 60 Å apart in the bovine structure. One possible interpretation is that the bacterial ε subunit detaches wholly or partially from the foot during the catalytic cycle, so that it can interact with the lower surface of the (αβ) 3 domain. However, the functional significance of such a rearrangement is obscure. A critical re-examination of the formation of the α-ε and β-ε cross-links is warranted.
The peripheral stalk
There is general agreement that the F 1 and F o domains are also connected by a second, peripheral, stalk [2] . This has been observed by single-particle analysis using electron microscopy (EM) in negative stain of bacterial [14,15 • Its function has not been demonstrated, but it may act as a stator to counter the tendency of the (αβ) 3 domain to follow the rotation of the central stalk [2] . In E. coli, it contains the δ subunit and the extrinsic membrane domains of two identical b subunits that form a parallel α-helical coiled coil [18 • ] (see Figure 1b) . The membrane domains of the b subunits (one transmembrane α helix each) also interact and form part of F o [19 • ]. In some other bacterial species and in chloroplasts, the two identical b subunits are replaced by single copies of homologous subunits b and b′. The bovine peripheral stalk contains one copy each of the OSCP (oligomycin sensitivity conferring protein) subunit (the equivalent of bacterial δ), the extrinsic domain of subunit b and the d and F 6 subunits [2] (see Figure 1a) . It has been assembled in vitro and interacting regions have been defined [20] . In Saccharomyces cerevisiae, cross-links have been observed between the b subunit and subunits β, OSCP and d (in agreement with the bovine findings), and also to the membrane subunit a (and other minor F o subunits) [21, 22] . The peripheral stalk subunits are poorly conserved (relative to F 1 components, for example) and subunits b can be shortened and lengthened without having a major effect on the enzyme's activity [23, 24] .
For many years, it has been known that the δ and OSCP subunits in the E. coli and bovine enzymes, respectively, interact with the N-terminal regions of the α subunits, which protrude from the 'crown' at the top of 
The number of c subunits in the c ring
Based on metabolic labelling and mechanistic models of the generation of rotation, the notion has grown up that E. coli F o contains 12 c subunits arranged in a ring and, by implication, that mitochondrial and chloroplast F o domains also contain 12 c subunits similarly arranged. Cross-linking experiments and genetic fusions [44, 45] have been interpreted as supporting this view. This notion has been challenged by the F 1 -c 10 structure (above) [36 •• ] and by the observation of 14-fold symmetry in rings of c subunits from spinach chloroplasts [46 •• ] . At the present time, the possibility that subunits were lost from the S. cerevisiae c ring during crystallisation cannot be excluded, unlikely as this proposal seems. However, there are now clear indications that the c-ring symmetry may differ among species. The c-ring symmetry may also vary within a single species according to physiological conditions [47] . If the concept of symmetry mismatch is an important general feature of ATP synthases, it would argue against c-ring stoichiometries divisible by three. It also implies that the number of protons that transverse the membrane for each ATP synthesised is nonintegral, possibly between three and four in mitochondria. As the generation of each ATP requires a 120° rotation of the central stalk, an elastic element, possibly in the γ subunit, may be needed to store energy and release it in quanta, as required by a stepping motor mechanism [48 • ,49 • ] (see below). Figure 3a ,b). The main characteristics of this rotation are that it is highly efficient in energy usage, that it proceeds in 120° steps [54] and that the rotation is counterclockwise as viewed from the tip of the central stalk protrusion.
Direct observation of rotation
Attempts have also been made to observe the rotation in However, because the detergents used to isolate the complex destabilise interactions of the c ring with the a subunit, these experiments should not be taken as definitive proof of the rotation of the F 1 -c ring in an intact F 1 F o complex that is capable of synthesising, as well as hydrolysing, ATP. Definitive proof may require rotation to be observed under conditions in which ATP is being synthesised.
Generation of torque
A hypothetical model of how rotation might be generated was developed by Junge et al. [58] , based upon models of bacterial flagellar rotation (see [3,49 • ,59 ] for a detailed description and further discussion of this model) (Figure 4a ). A related model has been described to explain the generation of rotation by the Na + -motive Figure 3 is counterclockwise, as viewed from the membrane towards F 1 , and driven by ATP hydrolysis. In Figure 4 , the direction of rotation during ATP synthesis is counterclockwise, as viewed from F 1 towards the membrane.
( Figure 4b ). In this model, the carboxyl sidechains of the essential residue Glu65 in subunit c are negatively charged when they enter the interface between the c ring and subunit a. The positive charge of Arg227 in subunit a attracts the negative charge of the essential carboxylate in subunit c and also prevents ion leakage. Once this carboxylate has been neutralised by a Na + ion from the periplasm, it will move by thermal vibrations, bringing the next negatively charged carboxylate into the channel. Electrostatic forces strongly bias the rotation, making it effectively unidirectional. As in the Junge model, the central stalk is attached to the c ring, which drives its rotation directly. 
Conclusions
The rather extensive current knowledge of how ATP synthase works is based largely upon accurate and novel structures of subcomplexes of the enzyme [4,36 •• ,62 • ,63 •• ]; striking progress had been made using this approach in the past six years. However, current models for explaining the generation of rotation in F o are tentative and require further experimental validation. It is unlikely that the mechanism of rotation in ATP synthase will be understood fully until accurate molecular models of the entire enzyme complex in different conformational states have been established. Determination of these structures requires either the crystallisation of the intact ATP synthase complex or the establishment of an accurate low-resolution model by EM of single complexes, which can then be used as a framework for building a molecular model from structures of subcomplexes and individual subunits.
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